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of all media was adjusted to 5.0 with H,SO, except where noted. The sporulation media were spread-inoculated with 0.05 ml of a stationary phase yeast culture (grown in 0.3 % yeast extract, 1 % peptone, 1 % glucose, under 100% CO,) and incubated at 22 "C. Sporangiospores were harvested 5 d after inoculation, washed twice in distilled water and counted with either a haemocytometer or a Coulter counter, and used as the inoculum.
Germination test media. The minimal germination medium (MGM) was a modification of the MSM in which L-glutamate and agar were omitted and D-glucose was replaced by other substrates, at the various concentrations noted in the Table legends. Portions (10 ml) of MGM contained in 50 ml flasks were inoculated to a final concentration of 1 x lo6 sporangiospores ml-I and incubated at 25 "C in a gyrorotatory water bath incubator shaking at 150 rev. min-'.
Initiation of spore germination. Sporangiospore volume was monitored with a Coulter counter (model ZB 1) and Channelyzer (model 11) as previously described (Tripp & Paznokas, 1981) . Greater than 90% of either M-spores or C-spores have a volume (45 pm3 at the time of harvesting. Spores that had achieved a volume >45 pm3 were considered to have initiated germination.
Accumulation of glucose or 3-O-methyl-~-gfucose (3-OMDG). C-spores (1 x lo7 ml-') were incubated in MGM
37 kBq pmol-') and with or without 100 mM-L-glutamate. Samples of the reaction mixture (0.2 ml) were removed at indicated times, collected by vacuum filtration on a Millipore membrane filter (0.45 pm, HAWP) and washed three times with 2 ml of the incubation medium containing an equivalent concentration of unlabelled 3-OMDG.
For the uptake experiments, the filters were placed directly into scintillation vials containing 10ml of 3a70b cocktail (Research Products International Corp., Elk Grove Village, Ill., U.S.A.) and counted in a Beckman LS-3 133T series liquid scintillation counter.
Metabolism of 3-0-methyl-D-glucose. To determine if 3-OMDG was metabolized or incorporated into cellular products, spores treated with 14C-labelled 3-OMDG were collected on Millipore filters (0.45 pm), placed into 3 ml of 0-1 M -H C~ and subjected to three cycles of freezing and thawing using liquid nitrogen. These samples were then centrifuged at 3000 g for 20 min and the top 2.5 ml of the supernatant was removed and lyophilized. The lyophilized samples were redissolved in 0.25 ml distilled water. Portions (10 pl) were counted in the scintillation counter. Thin-layer chromatography was performed on silica gel (Eastman 138 1) with a solvent system containing n-butanollpyridinelwater (1 : 1 : 1, by vol.). The dried chromatogram was placed adjacent to Kodak no-screen X-ray film NS-ST at room temperature for 14 d.
Chemicals. 3-O-Methyl-~-[U-~~C1glucose was purchased from Amersham/Searle, 1U-14Clglucose was purchased from New England Nuclear. Unlabelled 3-OMDG was purchased from Aldrich Chemical Co. The 6-deoxy-~-glucose was kindly donated by Dr J. Vary, UIMC, Chicago, Illinois. All other chemicals were reagent grade.
R E S U L T S
Effects of glucose analogues on germination Previous studies (Tripp & Paznokas, 1981) have shown that Mucor racernosus sporangiospores are initiated to germinate synchronously and completely by glucose or the glucose analogue 3-0-methyl-~-glucose. Both C-and M-spores were treated with a number of compounds that are structurally related to glucose (Table 1) in a medium which also contained yeast nitrogen base, ammonium sulphate and glutamate. Both M-and C-spores initiated germination when treated with mannose, 3-O-methyl-~-glucose, 5-thio-~-glucose and 6-deoxy-~-glucose. However, only C-spores were triggered by treatment with arabinose, galactose, glucosamine, glutamate or xylose.
We considered the possibility that some of these analogues might resemble glucose but be toxic to the cell. This was tested by treating spores with both glucose and the glucose analogues. Of those tested, only 2-deoxy-~-glucose inhibited germination; 3-0-methyl-D-glucose, a-methyl-D-mannose, 1 -0-methyl-D-glucose and fucose had no effect.
Eflect of concentration of glucose and 3-O-rnethyl-~-glucose on germination rate
In the absence of a metabolizable carbon source M-spores do not germinate even when treated with 3-OMDG; upon the addition of 100 mM-L-glutamate these spores will germinate (Tripp & Paznokas, 198 1) . The rate of germination was dependent upon the concentration of either glucose or 3-OMDG in the germination medium ( Fig. 1 ). Very little germination was observed at concentrations below 50 PM. The difference in germination rate between spores 
3-OMDG (0).
treated with glucose and 3-OMDG probably reflects the difference between glucose and glutamate as the primary carbon and energy source. The KI,2 for glucose and 3-OMDG was calculated to be the same (1 a 0 mM). On the other hand, C-spores will initiate germination with 3-OMDG in the absence of a carbon source and swell to 90 pm3. The concentration dependence of these spores was similar to that for M-spores. Spore types were tested to see if they were able to accumulate 3-OMDG or glucose. Spores were treated with 1 mM 14C-labelled 3-OMDG for the indicated times in MGM without a carbon source and the samples were collected on filters. Both M-and C-spores accumulated 3-OMDG to approximately the same concentration as that in the external medium (Fig. 2) . Glucose was also accumulated, but to a much higher concentration (Fig. 3) . This might be expected if glucose is metabolized while 3-OMDG is not metabolized.
Triggering by 3-O-rnethyl-~-glucose lunder CO, Mucor requires a fermentable hexose for anaerobic growth (Bartnicki-Garcia, 1968) . If 3-OMDG was metabolized then some growth might be expected under anaerobic conditions. No C-spores germinated under 100% CO, in a medium containing 3-OMDG (50mM), peptone (1%) and yeast extract (0.3%) even after 48 h incubation; greater than 95% germinated by 24 h in the same medium where 3-OMDG was replaced by glucose. Shifting the yeast extract/peptone/3-OMDG culture to aerobic conditions resulted in complete germination by 6 h.
Metabolism of 3-O-rnethyl-~-glucose
The compound 3-OMDG is reported to be a non-metabolizable glucose analogue . The observation that M-spores are triggered to germinate by 3-OMDG only when a carbon source is also present suggests that the former is not utilized as an energy source by M. racernosus spores, but is mimicking glucose as an effector molecule. Conceivably, however, M. racernosus spores may be metabolizing 3-OMDG to glucose, or another trigger molecule. To test this hypothesis, M-spores were incubated in the presence of 14C-labelled 3-OMDG under conditions in which germination is dependent on the presence of 3-OMDG or glucose. After 3 h incubation the M-spores had synchronously initiated germination and increased in volume to 34 ,urn3. The 14C-labelled 3-OMDG was extracted at 3 h, concentrated and subjected to thin-layer chromatography. The material migrating with the 3-OMDG standard contained 98.7% of the total counts in the 3 h sample. The remaining Table 2 
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. Chromatographic analysis of accumulated j-O-methyl-~-[ U-'4C]glucose from germinating M . racemosus sporangiospores
Material extracted from M-spores after 3 h incubation with I4C-labelled 3-OMDG was subjected to thin-layer chromatography, together with standard 3-OMDG. The chromatograms were cut into 2 cm sections and the radioactivity was eluted and counted as described in Methods. 5 . Effect of the removal (4) and the re-addition (t) of 3-OMDG from C-spores which had initiated germination in MGM/3-OMDG (no carbon source).
counts were present in a single spot ( R F 0.52) which contained 0.9% of the counts ( Table 2) . The starting material also contained the R F 0.52 compound (0.3%). In this solvent system glucose has an R, of 0.8. No counts were detected in this position on any of the c hromat ogr ams.
Effect of time course of glucose or 3-O-methy~-~-ghcose treatment
Glucose triggers Bacillus rnegaterium endospores to germinate (Vary, 1978) . Exposure to glucose for 5 min results in greater than 95% germination. Once germinated, however, these cells require an exogenous carbon and energy source for continued growth. Mucor racernosus spores responded similarly in that short periods of exposure to glucose resulted in initiation, but not continued outgrowth. In these experiments M-spores treated with 100 mM-glucose for different periods of time were harvested by filtration, washed and placed into MGM with or without 100 mwglutamate. Those spores placed into MGM without a carbon source arrested at the volume attained while in the glucose medium (Fig. 4) . Those placed into glutamate media following a *O min glucose treatment continued to germinate synchronously.
Similarly, C-spores treated with 3-OMDG in MGM without an exogenous carbon source initiate germination and begin to swell. When 3-OMDG was removed the spores arrested at that point in their development (Fig. 5) . Swelling continued upon re-addition of 3-OMDG. Addition of a metabolizable carbon source resulted in synchronous and complete germination. This process is sensitive to the protein synthesis inhibitor cycloheximide, which blocks development during the 3-OMDG treatment phase as well as during outgrowth (Fig.  4) . These spores were not inactivated by cycloheximide since 95 % initiated germination after being washed free of the cycloheximide and placed into MGM/glucose.
D I S C U S S I O N
The data presented here support the hypothesis that glucose is acting as a positive effector molecule triggering M. racernosus sporangiospore germination. Of the stereoisomers of glucose tested, only mannose (not galactose) triggered M-spore germination. Glucosamine, mannosamine and 2-deoxy-~-glucose did not trigger germination, and 2-deoxy-~-glucose was inhibitory to both germination and glucose uptake. This suggests that the stereoconfiguration at the C-2 position of glucose may be important. Analogues methylated in the C-1 position ( 1 -0-methyl-D-glucose or 1 -0-methyl-D-mannose) were inactive as triggers; however, 3-O-methyl-~-glucose, methylated at the C-3 hydroxyl group, was as active as glucose in triggering germination. The glucose analogue 6-deoxy-~-glucose also triggered germination, but the 6-deoxy-~-glucose stereoisomers rhamnose and fucose did not. These data demonstrate that only a limited number of compounds with specific structural arrangements trigger M. racernosus M-spore germination.
C-spores, on the other hand, were triggered (<65%) by a few additional compounds including L-glutamate. All of these compounds support aerobic growth of vegetative mycelia. C-spores were not triggered by a variety of compounds which do not support vegetative growth such as sorbose or fucose (data not shown).
Since both M-and C-spores are triggered to germinate almost completely by the same glucose analogues it is possible that both spore types possess the same glucose triggering mechanism. The ability of certain glucose analogues to trigger germination may be related to their ability (i) to be transported, whereas analogues which do not trigger germination may not be transported, or (ii) to be metabolized to a trigger molecule such as glucose or glucose-6-phosphate, or (iii) to interact stereospecifically with a hypothetical dormancyregulatory protein.
Uptake studies demonstrated that 1-OMDG and 3-OMDG were accumulated to similar concentrations; however, of these two compounds only 3-OMDG triggered germination. Hence, both triggers and non-triggers get into the spores. This does not rule out the possible existence of glucose-activated surface receptors but instead opens up the possibility that the effect is intracellular.
In some bacteria, glucose affects cyclic nucleotide concentrations in the cell and therefore the expression of catabolite repressible systems. This control appears to require a functional glucose transport system. This mechanism does not appear to be important here since
